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1 Abstract

Earlier we reported exchange coupling between bilayers of CoFe,0,/CoFe,, where CoFe,O, and
CoFe, are the hard and soft magnetic layers, respectively. These results suggested that trilayers
structures of CoFe,O,/CoFe,/CoFe,O, are strong candidates for low hysteresis loss “spin spring
materials.” To study this possibility, we extended our investigation to the synthesis of
CoFe,0,/CoFe,/CoFe,0, trilayers under different sputtering deposition conditions, which included
oxygen pressure in the case of the CoFe,O, component and the application of a magnetic field during
the deposition of the soft CoFe,. The most significant finding was the “blocking field” increased more
than 30% by the application of an applied field during deposition of the soft CoFe,, resulting in a
decrease in hysteretic losses by a similar percentage. We will discuss these spin spring results in terms
of an increase in uniaxial anisotropy energy in the CoFe, layers due to short range ordering of Fe-Fe
and Co-Co pairs during deposition.

We would also like to report the results of fabrication and unique measurements uniaxial iron-
filled multi-wall carbon nanotubes. These measurements include magneto-optic hysteretic properties
and torque measurements. These measurements show that the nanowires required four times higher
applied magnetic field (~1500 Oe) to reach saturation compared to planar nanometer thin films of Fe on
MgO(100) that reached saturation at around 380 Oe. These studies were performed to demonstrate and
study the sputter deposition for effective filling of carbon nanotubes. The results show that Fe
nanowires, like nanometer Fe films on MgO, exhibited a two-fold magnetic symmetry. Structural and
magnetic properties of nanowires and nanometric films studied using XRD showed that a secondary
(200) peak of Fe appeared on thin film samples deposited at higher substrate temperatures indicating
higher crystalline order but not in the nanowires.
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2 Exchange Spring in ultra-thin CoFe,0,/CoFe, films

As mentioned in our original proposal, the primary focus of our research is in the areas of thin
film and multilayer materials with applications in areas such as magnetic recording, magnetic sensing
devices and high frequency planar microwave devices. Emphasis has been placed on programs to
investigate the fundamental magnetic and structural properties of non-equilibrium magnetic oxide films
and multilayer structures, synthesized by pulsed laser deposition and DC/RF sputter deposition. In
pursuing our goals, we investigated the magnetic and structural properties of pulsed laser and sputter
deposited multilayer films under different deposition conditions and observed non-equilibrium
behaviors. As stated in the original proposal, of particular interest to us, however, were cobalt-ferrite
(CoFe,O,) films and exchange coupled multilayer films of cobalt-ferrite and cobalt iron
(CoFe,/CoFe,0,) bilayer. Here we present results of our investigations of exchange spring in bilayers
and trilayers of CoFe,0,/CoFe,/CoFe,0,.

Exchange spring magnets (shown in Fig.2.1 Left) consist of interspersed hard and soft
magnetic materials exchanged coupled at the interface [1,2]. In the past such interspersed materials
were the basis for hard magnetic materials/permanent magnets wherein a high magnetic anisotropy hard
magnetic material and a high saturation magnetization soft magnetic material were interspersed to
obtain a high (BH) energy product permanent magnetic material. Recently, the interest has been in one
of the added benefits obtained from these exchanged coupled materials, namely, the large reversible
demagnetization, which results in a high permeability. The large reversible demagnetization with little
hysteresis loss has been characterized as “exchange spring” hysteresis behavior. The large reversible
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Fig. 2.1 (Left): A schematic diagram showing the spin dynamics of exchange coupling in a trilayer of a soft
magnetic layer sandwiched between two hard magnetic layers under the influence of an applied
magnetic field (shown by the green arrow) of increasing magnitude from (i) to (iv).

Fig. 2.1 (Right): Loop (a) is the loop expected for magnetic reversal for an ordinary ferromagnetic
material, showing hysteresis; loops (b) and (c) are those of an exchange spring material; and loop (d)
represents a two phased material, where the magnetic properties of the soft magnetic material
dominates between two hard magnetic layers under the application of an applied magnetic field of
increasing maenitude.
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demagnetization without hysteretic loss has significant technological consequences for many device
applications. The essence of this behavior is described in the following: Exchange spring thin film
materials are composed of alternating exchanged coupled hard and soft ferromagnetic film layer
(Fig. 2.1 Left). As a demagnetizing field is applied, the spins near the center of the soft magnetic layer
begin to reverse, while the spins adjacent to the hard magnetic layers remain pinned/unchanged because
of exchange coupling between the hard and soft magnetic layer as shown in Fig. 2.1-ii. When the
demagnetizing field is reduced to zero the spins “spring” back reversibly to their equilibrium or
remnant positions, provided the critical demagnetization field known as the blocking field (Hy) is not
exceeded, as in Fig. 2.1-iii. If, the demagnetizing field exceeds the blocking field of the hard magnetic
layer, indicated in Fig. 2.1-iv, then the entire spin system switches irreversibly, leading to the more
familiar hysteresis and associated energy losses. Schematics of corresponding hysteresis loops are
shown in Fig. 2.1 Right. Loop (a) is the expected magnetic reversal for an ordinary ferromagnetic
material, showing hysteresis; loops (b) and (c) are those of an exchange spring material; both show
magnetic reversal with no hysteresis loss, provided the blocking field is not exceeded; loop (d)
represents a two phased material, where the magnetic properties of the soft magnetic materials
dominate. The area under the turn-around (recoil) curve represents a larger hysteretic loss.

2.1 Experiment

It is clear that in order to optimize the spin spring behavior in these materials we must first
optimize the magnetic properties of the hard (CoFe,0,) and soft (CoFe,) magnetic materials. Both the
hard (CoFe,0,) and soft (CoFe,) magnetic materials were prepared by RF and DC magnetron sputter
deposition, respectively in a well-controlled UHV Sputtering chamber on Silicon wafers. The two basic
properties we wished to improve are the coercive force H, of the hard magnetic film layer and the
magnetic anisotropy of the soft magnetic layer. We examined the coercive force of the CoFe,O, under
various O,/Ar pressure ratios during magnetron sputtering deposition. We found the introduction of
oxygen gas in the chamber during deposition showed a remarkable increase in coercive force H ; H,
nearly doubled, as shown in Figure 2.2a. Though it is a common practice to add oxygen during the
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Fig. 2.2: (a) Room temperature hysteresis loops at different oxygen concentrations show that adding
oxygen improves the coercivity. (b) Plotting the effect of adding oxygen on the measured coercive field
show the optimal ratio is at 7:1 of argon-to-oxygen
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deposition of oxides [3,4], in the improvement observed in this study is much larger than any
improvements reported to date by other techniques or processes [5-8]. We found by adding oxygen the
coercive field was enhanced from 3.1 to 4.9 kOe. Further, we learned that the addition of oxygen
during the deposition was far more consequential than substrate temperature or post-annealing
temperature.

Shown in Fig. 2.2 are the room temperature hysteresis loops of samples prepared with argon-to-
oxygen ratios of 7:0, 7:1, 7:2 and 7:3. The coercive field peaked at argon-to-oxygen ratio of 7:1. This
result shows that over-abundance of oxygen diminishes the coercive field of the hard magnetic layer
more than the deficiency of O,. In a spinel structure the Co®* and Fe’* ions are shared between
16 octahedral and 8 tetrahedral sites while the O, atoms are in a close packed cubic arrangement. The
magnetic properties depend strongly on the stoichiometry of this structure as indicated by our results
and the results of others [4]. Although we have not done X-ray analyses studies or other measurements
to accurately determine the stoichiometry of the ferrite, we believe the 7:1 ratio gives the correct

stoichiometry.
The next step in this process is to enhance E CoFe, on glass
the uniaxial anisotropy of the CoFe, soft magnetic sr in-Field 7

layer. The idea here is to increase the spin

o}

Yo,
direction uniformity by enhancing the uniaxial

anisotropy energy. This will allow a more uniform ool !/7 ffoa\o /
spin rotation and reversal during magnetization . / /
and demagnetization field of the spins in the soft N @D/

Torque (a.u.)

magnetic layer, thereby reducing the hysteretic
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before starting this study we thought it important I L L L L L L
T T T T T T
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15 no-rie =

magnetization measurements on two CoFe, films.
One of the films was sputtered in an applied

magnetic field of 100 Oe and the other film 3

deposited under the same conditions but in the § 0.0 oo o PR
absence of an applied field. The results of torque g

and in-plane magnetization measurements as a

function of angular rotation in the plane are oL _—
shown in Fig. 2.3a-b and 2.4, respectively. The H=19T
CoFe, sputtered in an applied field clearly shows ’ P P Y R S

the development of uniaxial anisotropy energy Field Angle (deg.)

(see Fig. 2.3) a as evidenced by the development  Fig. 2.3: Torque magnetometry for CoFe, layer deposited
of a sin 20 component in the torque curve, while (a) in-field and (b) deposited with no-field. Both
the film deposited in the absence of a field shows torque show the in-plane uniaxial anisotropy is
. . L. . L. induced in the CoFe, due to the applied field. The
little if any uniaxial anisotropy energy. A similar torque measurements were done with in-plane field of
result is reflected the magnetization measurements 19T.
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in the film deposited in a magnetic field. These measurements show a distinct easy direction of
magnetization in the deposition of the applied magnetic field, as evidenced by the squareness of the
hysteresis loop in the 90° direction (Fig. 2.4).

The induced uniaxial anisotropy
during deposition in an applied field is
directly related to the short-range directional

10~ CoFe,on glass
in-Field

ordering of Fe-Fe pairs in the direction of the
applied magnetic field during deposition.
Earlier, Schindler and Williams [9] found
this to be the case in both bulk and thin film

o

Magnetization (emu 107)

iron-nickel alloys. The ordering of the Fe-Fe — g
pairs requires sufficient atomic mobility at .
temperatures well below the Curie —— 90 deg
temperature so as not to destroy the 101;) L L L 5

possibility of dipole-dipole interactions
between Fe-Fe pairs and Co-Co pairs.

Applied Field (Oe)

. . Fig. 2.4: Angle-dependent hysteresis loops for CoFe, layer
However, in the work of Williams and deposited in-field show the in-plane uniaxial anisotropy is

Schindler [10, 11] pair Ordering was induced in the CoFe, due to the applied field. No angle
dependence is observed in hysteresis loops for the CoFe,

. . . . 3 . . . .
obtained in thin films by He” irradiation in an layer deposited with no applied field.

applied magnetic field at temperatures well

below the Curie temperature. In our case, however the atoms are sufficiently mobile during deposition
to have an opportunity to develop these pairs upon arrival on the substrate. We plan to extend these
studies in the future to exploit these finding in other magnetic systems.

2.2 Results and Discussion

As indicated earlier, the characteristics that describe the qualities of an exchange spring are the
H; (blocking field), the field at which the hard layer begins to switch and the hysteretic energy loss
represented by Ag.. the normalized area under the demagnetization curve upon field reversal. For an
ideal exchange spring, it is desirable to have Hy equal to or greater than the coercive field, H, if
possible. If the field is reversed prior to reaching Hy no or little hysteresis loss is observed. However, if

H; is exceeded, the loop opens and hysteresis is observed, representing an energy loss (green curve in
Fig. 2.5).
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Fig. 2.5: Out-of-plane recoil and full hysteresis measurements to for CoFe,0,/CoFe,/CoFe,0, trilayer
deposited with no-field (a) and trilayer deposited in-field (b). The blocking field (Hy), the field where
the energy loss is about 5%, for the no-field and in-field trilayers is -2.6 kOe and -3 .4 kOe respectively.
Depositing the trilayer in-field resulted in a 30% improvement in the blocking field.

Fig. 2.5 shows the results of magnetization measurements for CoFe,0,/CoFe,/CoFe,0, trilayers
deposited with and without an applied magnetic field during the deposition of the CoFe, layer. The
exchange spring measurement for the trilayer whose soft layer was deposited without an applied field is
shown on the left (Fig. 2.5-a) and layer deposited with an applied field is on the right (Fig. 2.5-b). The
most significant findings were the “blocking field” increased more than 30% by the application of an
applied field during deposition of the soft CoFe, layers and a similar percentage decrease is shown in
the hysteretic loss, as reflected by a comparison of the areas under the curves in Figs. 2.5, respectively.

2.3 Summary

We report exchange spring in sputter deposited trilayers of CoFe,O,/CoFe,/CoFe,0,. Depositing
the ferromagnetic hard layer CoFe,O, in the presence of oxygen enhanced coercive field. We found the
ratio of 7:1 of argon-to-oxygen yielded the highest coercive field of about 4.9 kOe by balancing the
stoichiometry of the cobalt-ferrite. We also enhanced the blocking field of the trilayer by depositing the
soft magnetic layer in an applied field. Compared to a sample prepared with no applied field, applying
a field during deposition resulted in a 30% enhancement. Our results show that applying magnetic field
during deposition induces magnetic anisotropy due to the increased pair ordering in the soft magnetic
layer that enhances the uniform rotation of the soft magnetic layer during demagnetization, which in
turn enhances the spin spring effect.

Impact of funding on the Morgan Research infrastructure

The new instrumentation acquired through this grant and recently received instrumentation
acquired through a subsequent AFOSR Grant will allow us to exploit these results by expanding our
studies to include multiple trilayer CoFe,O,/CoFe,/CoFe,0O, systems. To this end we have started the
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modification of our UHV pulsed laser deposition system to facilitate the sputtering of CoFe,.
Previously, we sputtered the CoFe,O,/CoFe,/CoFe,0, trilayers, however because of the inordinate time
required to sputter the cobalt ferrite, we decided to use the modified UHV pulsed laser deposition
system for the deposition of the multiple trilayer structures. The potential acquisition of Auger and XPS
spectroscopy along with existing instrumentation will allow us to explore and characterize the
fundamental origins these very interesting results of the above studies as well as other planned studies.

More importantly, however is the impact on students who participated in these studies. Several
are pursuing graduate studies in either Materials Science or Physics and others are doing research at
Government or related laboratories. Further, the research infrastructure put in place at Morgan State
University by the funding from this grant has the potential to impact students well in the future!!
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3 Fe/MWCNTs/SiO, and Nano-films of Fe on MgO

3.1 Introduction

The Seifu group has spent several years gaining research experience in nano-magnetics,
synthesizing novel nano-magnetic materials using mechanical alloying [1-4], development of chemical
and physical methods to filling nano-tubes [5-8], and studying the proximity effect [9-11]. This
research project serves as a base line for future research in the synthesis of multilayered nanowires and
nanometer thin films to create tunneling magnetoresistance nanowires/films with high enough
magnetoresistance value at room temperature to make it viable for practical applications. The goal is
the creation of non-volatile magnetoresistive random access memory (MRAM) and next generation
magnetic field sensors [12]. Nanowires of Fe were grown using magnetron sputtering in the interior
volume of carbon nanotubes vertically grown on SiO, substrate. Nanometer films of Fe on MgO(100)
were synthesized at several deposition temperatures also using magnetron sputtering. All samples were
capped with Cu at room temperature under vacuum to prevent oxidation. Samples were characterized
using x-ray diffraction, scanning electron microscopy (SEM), scanning transmission electron
microscopy (STEM), vibrating sample magnetometry (VSM), torque magnetometry (TMM), and
magneto-optic Kerr effect (MOKE). The system, Fe/MgO(100), despite its relative simplicity is a
collection of systems that reveal unique properties attractive for technological applications, such as
giant and tunneling magneto-resistance [13-17] and antiferromagnetic coupling [18, 19], oscillatory
coupling [19], and biquadratic exchange coupling [20]. Nanometer films (nanofilms) exhibit an out-of-
plane uniaxial surface anisotropy sufficient to overcome a demagnetizing field [13]. This property is
crucial for the development of higher density magnetic media. This system is an active research topic in
nanomagnetism [21]. MgO is an ideal substrate to grow quasi free standing metal structures to study
the effects of reduced dimensionality of metals. The reason being due to the very weak interaction
between Fe and MgO predicted theoretically by full-potential linearized augmented-plane-wave-total-
energy method [22] and verified experimentally using x-ray photoelectron spectroscopy (XPS) and x-
ray absorption spectroscopy (XAS) showing the interface between Fe(001) and MgO(100) to be stable
at temperatures up to 670 K [23].

The importance of Fe/MgO system is also demonstrated by the several experimental and
theoretical studies on Fe/MgO (100) films [22-27]. Ab-initio calculations yielded optimistic tunneling
magnetoresistance ratios (TMR) in excess of 100% [24] for Fe/MgO/Fe. XAS and photoemission
experiments observed changes in the 3d band due to evolution of Fe local atoms coordination from a
bulk-line situation to a configuration where low dimensionality effects are significant [25].
Salvador et. al. [26] showed that for uncapped films of Fe, the magnetocrystalline anisotropy of the
films increased with deposition temperature indicating improved crystalline structures. Further it was
shown the saturation value of the magnetocrystalline anisotropy (550 Oe corresponding to bulk Fe) was
reached at a deposition temperature of 300 °C. Our study on nanometric thin films of Fe/MgO(100)
showed maximum saturation magnetization at a deposition temperature of 200 °C. Maximum coercive
field occurred at 100 °C, Fig.3.2(a) would provide experimental evidence for this conclusion,
indicative of higher magnetocrystalline anisotropy. The coercive field showed a large decrease at
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deposition temperatures of 200 °C and 300 °C. This is correlated with the appearance of Fe(200) peak
at @ = 65° in the XRD for samples deposited at these two high temperatures, Fig. 3.1.

Density functional calculations have shown, application of electric fields has a significant effect
on the interface magnetization and magnetocrystalline anisotropy. This is due to change in relative
occupancy of 3d-orbitals of Fe atoms on Fe/MgO interface. This suggests possible application of
Fe/MgO systems for electrically controlled magnetic data storage, multi-ferroic device [27].

The structural and magnetic properties of nanometer Fe films on MgO(100) and nanowires of
Fe prepared in the inside of MWCNTSs using magnetron DC-sputtering were studied using XRD,
SEM/STEM, VSM, TMM, and MOKE measurements. Magnetic measurements using VSM showed
that samples prepared at 100 °C exhibit the highest coercive field (H. =176 Oe) while samples
prepared at 50 °C show high remnant magnetization (Mg = 119 emu/g) and samples prepared at 200 °C
show the highest saturation magnetization (Mg = 147 emu/g), which is 68% of the saturation field of
bulk Fe as measured by the force method at room temperature [28].As shown in Fig.3.2(a) the three
parameters extracted from a B-H loop H., Mg, and Mg are at their maximum values not at one
particular rather at different substrate growth temperatures. In our study nanowires of Fe capped with
Cu in the interior nanometric volume of MWCNTs vertically grown on SiO, exhibited an enhanced
magnetic coercivity of 137 Oe. This result is comparable with our recent result of single-walled carbon
nanotubes coated with Fe2O3 nanoparticles [11] and exceeds that of graphene coated with Fe,O;
nanoparticles [10]. In the past magnetic nanoparticles were filled inside and outside MWCNTSs and
SWCNTs [5, 8, 29-34] using chemical methods. This work illustrates an alternate method of filling
substrate supported MWCNTSs to synthesize magnetic nanowires using magnetron sputtering.

3.2 Experiment

Vertically aligned MWCNTs were filled with Fe and capped with Cu in this experiment they
were grown using a thermal CVD method [34] on SiO, substrates. This method involves exposing silica
structures to a mixture of ferrocene and xylene at 770 °C for 10 min. The furnace is pumped down to
~200 mtorr in an argon bleed and then heated to a temperature of 770 °C. The solution of ferrocene
dissolved in xylene (~0.01g/ml) is pre-heated in a bubbler to 175 °C and then passed through the tube
furnace. The furnace is then cooled down to room temperature. The open ended MWCNTs tips were
filled with Fe and capped with Cu using a magnetron sputtering method at a substrate temperature of
100 °C. This substrate temperature yielded in planar samples the highest value of coercive field
amongst several other substrate temperatures shown in Fig. 3.2(a).

Nanometer thin films were epitaxially grown on MgO(100) substrates (Smm x Smm x 50 pm)
(from MTI company) using magnetron DC sputtering (AXXIS tool from K. J. Lesker company) at
several temperatures. All substrates were degassed at 350 °C in a vacuum of 107 Torr for 1800 sec and
samples were pre and post annealed at a pre-selected deposition temperature for 1800 sec in vacuum.
All samples were capped with 5 nm of Cu to prevent oxidation. The source to substrate distance was
fixed at 30 cm and the substrate was kept at an angle of 45° while being rotated at a constant rate of
20 rpm for uniformity. Under these conditions epitaxial Fe grow on MgO(100) due to weak interface

- 11 of 21 -



5000 - ,;k —y e ——— Substrate
= (|8 S[ |—soc
- — N ——100°C
4000 - 200°C
TN —— 300°C
=
G 3000 *MgO —~
= T L N
)
£ 2000 1
D
e
k= i i
1000 - [
l T

0 ] ] ] ] ]
30 40 50 60 70 80 90

Angles (20)

Fig. 3.1: XRD patterns of Fe/MgO(100) deposited at different growth
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interaction [10, 11] a free standing Fe film is formed. The deposition rate for Fe was 0.17nm/s as
calibrated by deposition time versus thickness measurements for Fe films several hundred nanometers
thick.

Thin film samples of Fe / MgO(100) were characterized by thin film X-ray diffraction (Rigaku

D/max Ultima II 40kV/40mA) using CuKa radiation in 0-20 geometry. Surface morphologies of
pristine MWCNTSs and nanowires of Fe grown in the nanometric interior volume of MWCNTs were
characterized by a Hitachi S-5500 field emission SEM/STEM. For STEM imaging, some nanotubes
were scrapped off SiO, substrate and dispersed in dimethylformamide the resulting solution was
dripped on holey carbon coated carbon TEM grid for SEM and STEM analysis.

VSM measurements were carried out using Vector Magnetometer Model 10 VSM system from
MicroSense equipped with 3T electromagnet. Magnetic torque was measured using EV7 TMM system
equipped with a 2T electromagnet. MOKE measurements were carried out using an instrument
developed at Morgan State University. The basic operating principles of MOKE are based on
measuring changes in the polarization of light reflected from a magnetic sample. The MOKE setup
consists of a monochromatic light source (HeNe laser, 632 nm wavelength and 5 mW output power),
polarizer, analyzer, photodiode, electromagnet, lock-in amplifier, pre-amplifier and an optical
modulator. The reflected beam from a magnetic sample is passed through a second polarizer, which
serves as the analyzer to select the component of the E-field perpendicular to the plane of incidence. In
this geometry the normalized intensity detected is proportional to the component of the magnetization
of the sample parallel to the applied magnetic field.
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3.3 Results and Discussion
The properties of different crystalline structures are important in magnetism [13]. For this
reason one of the goals of this study is to correlate the structure of films with magnetic properties. The

structures were characterized by x-ray diffraction using CuKa radiation.

The XRD data displayed in Fig. 3.1are from samples prepared at different temperatures peaked
at the same diffraction angle except for samples prepared at substrate temperatures higher than
100 °C.These samples exhibited a (200) sharp peak at an diffraction angle of 65°. This change in
crystalline structure and the sharp decrease in coercive field were observed in samples prepared at
higher substrate temperatures. This is due to a decrease in magneto-crystalline anisotropy in samples
prepared at substrate temperature higher than 100 °C. This result differs from the finding of Salvador
et al [26] that magneto-crystalline anisotropy increases monotonously with temperature up to 350 °C.
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Fig. 3.2: (a) Coercive field vs growth temperature of Fe/MgO(100) measured with VSM. Coercive field of
Fe/MWCNTSs nano-wires synthesized at 100 °C indicated by ‘*’.(b) Magnetic hysteresis loops for
Fe/MgO(100) films for various growth temperatures as measured by VSM at room temperature. All
loops are measured out of plane with the applied field perpendicular to the normal vector to the
sample’s surface 0=0°.(c) Magnetic hysteresis loops for Fe/MgO(100) film prepared at 100 °C at
various angles between the normal vector to the surface and the applied magnetic field. The purple
loop is for out of plane (OP) measurement 0=0°.(d) Magnetic hysteresis loops for Fe/MWCNT wire
prepared at 100 °C at various angles between the normal vector to the sample’s surface and the
applied magnetic field.
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Furthermore the XRD data indicates that Fe(200) peak is present at higher deposition
temperature this can be understood qualitatively as follows, a Fe atom reaching the substrate at an
arbitrary site will not remind for long due to thermal agitation. The higher the temperature the shorter
the time the Fe atom will remain at any one site. It will move to a site were the binding energy is high
enough that it will not have enough thermal energy to move to another site. XRD of the film deposited
at 100 °C does not show a peak at Fe(200), it possesses a maximum coercive field as shown by the
VSM data shown in Fig. 3.2(a). A change in crystalline structure and a sharp decrease in coercive field
were observed in samples prepared at higher substrate temperatures, the results of VSM room
temperature measurements are summarized in Table 3.1.

T (°C) Hc (Oe) Ms (emu/qg) Mg (emu/g) S= Mgr/Ms
50 103.0 132.0 119.0 0.906
100 176.0 91.8 76.4 0.832
200 41.6 147.0 104.0 0.707
300 8.3 122.0 94.6 0.773

Table 3.1: VSM measurements of Magnetization values of Fe grown on MgO(100) by magnetron
DC sputtering at several deposition temperatures.

Fig.3.2(a) depicts coercive field (H.), saturation and remnant magnetization (Ms&Mr) vs.
temperature for planar Fe/MgO films as well as nanowire of Fe/MWCNTs. Fig.3.2(b) VSM
measurements of M vs. H for samples synthesized at several substrate temperatures. In Fig.3.2.2(c) and
Fig.3.2(d) M vs. H loops of planar nanometric thin film and nanowire synthesized at a substrate
temperature of 100 °C at several angles between the applied field and normal to the surface. The
remnant and saturation magnetizations are minima at growth temperature of 100 °C as shown in Fig.
3.2(a). The saturation magnetization, Mg has a maximum value for films deposited at 200 °C for which
the coercive field is a minimum. The squareness S = My/Mg has a minimum value for films grown at
this deposition temperature. This variation is depicted in Fig.3.2(b) where hysteresis loops for the
various Fe/MgO(100) film prepared at several deposition temperatures measured using VSM at room
temperature. For the sample with the highest value of H., Fig.3.2(c) depicts, hysteresis loops for
various orientation of the magnetic field with the surface normal for Fe/MgO(100) film prepared at
100 °C measured using VSM at room temperature. Listed in Table 3.1 and shown in Fig. 3.2(c) and
Fig. 3.2(d) are values of H., Mg, and My for Fe/MgO(100) planar film and wires of Fe/MWCNTs
deposited at 100 °C measured at various angles between the normal vector to the surface and applied
magnetic field. H. was measured to be at its maximum value at 450. My and Mg were maximum and H
at its minimum at 0° and at in-plane orientation. This is another indication that the easy magnetization
axis lies in plane and the hard axis out of plane. Seifu ez. al. [8] showed that the hysteresis loop of Fe-
filled MWCNTs exhibits an anomalous narrowing of the loop at the zero magnetization axes. Lopez-
Urias, et. al. [35] reported formation of helical spin configurations during magnetization of
ferromagnetic nanowires encapsulated inside carbon nanotubes.
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Maximum coercive field of 176 Oe was observed at synthesis temperature of 100 °C for films
and 137 Oe for nanowires, a maximum remnant magnetization of My = 120.0 emu/g was observed at
50 °C, a maximum saturation magnetization of Mg = 146.4 emu/g was observed at 200 °C, and the
squareness defined S = My/Mg was 80% for 2D films and 70% for 1D wire.

Fig. 3.3(a) depicts torque magnetometer measurements at an applied magnetic field of 20 kOe
of samples synthesized at several substrate temperatures. In Fig.3.3(b) MOKE measurements is
presented in polar plots. Hysteresis loops were measured using MOKE in longitudinal configuration;
from the recoded hysteresis loop the coercive fields of samples were measured as a function of angular
position of the sample relative to the applied magnetic field direction, Fig. 3.3(b).

MOKE data indicates the coercive field is a maximum for samples with growth temperature of
100 °C in agreement with VSM. The magnetic torque curve, Fig. 3.3, indicates pronounced 2 fold
magnetic symmetry at higher deposition temperature. The torque curve in Fig.3.3(a) for sample
prepared at 100 °C shows less pronounced two-fold symmetry compared to torque curve of samples
prepared at higher substrate temperatures. In Fig. 3.3(c) the 100 °C sample shows comparatively higher
pronounced at 20 kOe than at lower field strengths there is a transition between 1 kOe and 5 kOe.
Fig. 3.3(c) and Fig. 3.3(d) show torque magnetometer measurements of planar film of Fe/MgO(100)
and nanowire of Fe/MWCNTs synthesized at 100 °C at several applied fields. Both show similar trend
except at low fields the loop for nanowire is off center. Fig. 3.3(b) depicts coercive field measured
using MOKE in polar plot for thin films synthesized at several growth temperatures. The same trend is
observed in torque magnetometer measurements for lower fields as depicted in Fig. 3.3(c).
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34 Conclusion

In conclusion we have synthesized Cu capped Fe/MgO(100) nanometric thin films and Cu
capped nanowires of Fe using MWCNTs as templates. Nanowires were grown at an optimized
condition set by growing planar films at several deposition temperatures that showed the best
magnetocrystalline property. Magnetic measurements showed that nanowires exhibited higher
anisotropy requiring higher saturation field compared to planar thin films due to magnetic shape
anisotropy however, similar magnetic symmetry, two-fold, was observed in nanometric films and
nanowires. The squareness of nanowires is 10% less than that of planar nanometric thin films.
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4 Impact

The impact of the proposed research on Morgan's overall research environment has been
immediate and significant. For our students, most of whom are underrepresented minorities, it provided
and still does an opportunity for building analytical and research skills that have applicability across
traditional disciplinary boundaries. This also gave our students an opportunity to become involved in
the opportunities and technical communities associated with national scientific user facilities.
Involvement in the research projects, that this grant will support, gave our students early insights into
individual research interests that can be further developed in graduate studies at Morgan State or
elsewhere.

4.1 Impact on on-going Research

We introduce undergraduates to our program starting in their freshman year and all things being
equal, we keep them through their senior year. In some instances the freshmen that enter our program
were a part of our program during their senior year in high school. This has been a very effective
method for recruiting students for the Department of Physics.

We use the "Boot Strap Method" method of introducing undergraduate freshman students to
research through interactions with peers already in the program. This is a very effective method for
creating an undergraduate research culture within the Department of Physics that enhances our
program. Our undergraduates spend at least 6-10 hours per week working with the PI or his Post Doc.
Since undergraduates do not have much time, considering their course load, either the PI or Post Doc is
always available for student training. It should be mentioned that a good Post Doc or Visiting Senior
Research Scientist is absolutely necessary to sustain an active research program particularly at a four-
year baccalaureate institution where the course load can be challenging.

Each PI had one or two undergraduate students to work directly on their research project. This
program supported three undergraduate students and in the 2nd year masters student. The students were
from the Physics, Chemistry or Engineering Departments. Students worked closely with the PI’s and
traveled to light sources to perform experiments. During the summers, students were engaged in
research full time at Morgan State University. Although our students are participating in all aspects of
the research outlined above, they are assigned specific projects that support the main program. For
example, one student is responsible for examining the dependence of hysteretic properties of magnetic
oxide thin film surface roughness, as well as the dependence of coercive force H, on sputter deposition
parameters such as laser beam energy, substrate temperature and oxygen pressure.

Equally important is the impact of the requested funding on our faculty. It will help develop and
sustain a research program in which they can participate. The funding will also help attract postdoctoral
applicants who share our vision of a research-intensive HBCU and may well become candidates for
tenure track position as positions become available. Our thin film materials research program has
become a catalyst for the attracting faculty with interest in thin film and related condensed matter
physics research.
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It has attracted several faculty members who in the past have worked in the area of
spectroscopy, super conductivity and image spectroscopy. Most of these faculty members conducted
their research on bulk magnetic, superconducting and semiconducting materials; now several have
shifted their interest to include thin film materials.

4.2 Student Participation

Three students worked at different times and different parts of the project. The students were
Jaime Arribas, Dominic Smith and Keion Howard. One of their main tasks was to assist in the synthesis
of multilayer exchange spring samples using the sputtering DCA-450 UHV sputtering system and
subsequent characterization of the samples. To perform these tasks safely, the students were trained and
supervised by the PI’s and Post-Docs. To prepare for their work, they were granted access to resources
available in the research labs and given hands-on training on all instrumentation and discussions on
best practices. All students took part in fabricating and characterizing exchange spring samples. The
tasks include (1) cutting, cleaning and mounting substrates for deposition in the DCA-450’s load-lock
chamber; (2) fabrication of the samples with the designed composition and structure under the specified
conditions; (3) characterization of the samples following fabrication using the appropriate equipment
available in the lab be it vibrating sample magnetometer, torque magnetometer, scanning electron
microscope or thickness measurements using the Profilometer; and (4) analyze the data which in turn
lead to further measurements. As they gained experience and understanding of the process, the students
actively participated in the design and analysis of the next set of experiments.

In addition to the above stated tasks, the students were given access to resources such as the
machine shop and scientific equipment that can be computer-controlled. This was to empower them to
explore and discover on their own by working on areas in the project they identified. In the end, each
student made a unique contribution to the project in his way. One of the students (Mr. Arribas) has
since graduated and is working at the John Hopkins Applied Physics Laboratory. He also paved the
way for the other students who followed him by providing guidance and sharing the challenges he had
and ways he overcome those challenges.

In broader sense, this introduction and exposure to research had great impact on the students.
The approach we took was to get the students involved in the tasks and processes at hand so that they
were exposed to the different instrumentation and resources that are available in the lab. At different
times the focus of their involvement was such that it provided the students with experience on how
research is conducted from designing an experiment to preparing, synthesizing and characterizing the
samples followed by interpreting and presenting the results.

In short, as can be inferred from the impact of this experience had on the students, this
opportunity demystified working in a research facility and made research accessible. It enabled them to
view research as an extension of learning in class and develop deeper appreciation for research while
making their unique contributions.
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5 Summary

We have already acquired the magnetic characterization instrument, which is already
operational. We are waiting for addition equipment in order to complete the work started and furthered
by this grant. The impact of this project on the learning experience on students who worked at different
phases of the project has been significant. It has also enhanced the research capabilities of Morgan State
University and fostered collaborations with in the department and outside the department as well as
external collaborators. The on-going research with Dr. Anthony Arrott is a very good example.

We plan to continue this investigation and bring it to fruition for fabricating novel magnetic
devices that can be integrated in microchips for applications such as antennae and sensors.
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6 List of Figures and Tables

Page 4- Fig.

Page 4-Fig.

Page 5-Fig.

Page 6-Fig.

2.1 (Left): A schematic diagram showing the spin dynamics of exchange coupling in a trilayer of soft magnetic
layer sandwiched between two hard magnetic layers under the influence of an applied magnetic field (shown by
the green arrow) of increasing magnitude from (i) to (iv).

2.1 (Right): Loop (a) is the loop expected for magnetic reversal for an ordinary ferromagnetic material,
showing hysteresis; loops (b) and (c) are those of an exchange spring material; and loop (d) represents a two
phased material, where the magnetic properties of the soft magnetic material dominates between two hard
magnetic layers under the application of an applied magnetic field of increasing magnitude.

2.2: (a) Room temperature hysteresis loops at different oxygen concentrations show that adding oxygen
improves the coercivity. (b) Plotting the effect of adding oxygen on the measured coercive field show the
optimal ratio is at 7:1 of argon-to-oxygen.

2.3: Torque magnetometry for CoFe, layer deposited (a) in-field and (b) deposited with no-field. Both torque
show the in-plane uniaxial anisotropy is induced in the CoFe, due to the applied field. The torque
measurements were done with in-plane field of 1.9 T.

Page 7-Fig. 2.4: Angle-dependent hysteresis loops for CoFe, layer deposited in-field show the in-plane uniaxial anisotropy

is induced in the CoFe, due to the applied field. No angle dependence is observed in hysteresis loops for the
CoFe, layer deposited with no applied field.

Page 8-Fig. 2.5: Out-of-plane recoil and full hysteresis measurements to for CoFe,0,/CoFe,/CoFe,O trilayer deposited with

Page 12-Fig

no-field (a) and trilayer deposited in-field (b). The blocking field (Hy), the field where the energy loss is about
5%, for the no-field and in-field trilayers is -2.6 kOe and -3.4 kOe respectively. Depositing the trilayer in-field
resulted in a 30% improvement in the blocking field.

. 3.1: XRD patterns of Fe/MgO(100) deposited at different growth temperatures.

Page 13-Fig. 3.2:(a) Coercive field vs growth temperature of Fe/MgO(100) measured with VSM. Coercive field of

Fe/MWCNTs nano-wires synthesized at 100 °C indicated by ‘*’. (b) Magnetic hysteresis loops for
Fe/MgO(100) films for various growth temperatures as measured by VSM at room temperature. All loops are
measured out of plane with the applied field perpendicular to the normal vector to the sample’s surface
0=0°.(c) Magnetic hysteresis loops for Fe/MgO(100) film prepared at 100 °C at various angles between the
normal vector to the surface and the applied magnetic field. The purple loop is for out of plane (OP)
measurement 0=0°.(d) Magnetic hysteresis loops for Fe/MWCNT wire prepared at 100 °C at various angles
between the normal vector to the sample’s surface and the applied magnetic field.

Page 13-Table 3.1: VSM measurements of Magnetization values of Fe grown on MgO(100) by magnetron DC sputtering at

several deposition temperatures.

Page 15-Fig. 3.3: (a) Magnetic torque curves of Fe/MgO(100) films for different growth temperatures measured at room

temperature in an applied field of 20kOe. (b) Magneto-optical longitudinal Kerr loops of Fe/MgO(100) films
for various growth temperatures measured at room temperature. (¢) Magnetic torque curves of Fe/MgO(100)
films at growth temperature of 100 °C measured at different applied field strengths at room temperature. (d)
Magnetic torque curves of Fe/MWCNTs wires at growth temperature of 100 °C measured at different applied
field strengths at room temperature.
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